The purpose of this research is focused on the evaluation of short term global solar irradiation forecasting performance in order to assess the outcome of photovoltaic power stations. The paper presents a comparative analysis between the predicted irradiation obtained by numerical simulation and measurements. The simulation data is obtained from WRF-ARW model (Weather Research Forecasting-Advanced Research WRF), whose initial and boundary conditions are provided by the global forecasting model GFS. Taking into account the complexity of options for the physics models provided with WRF, we embarked upon a parametric analysis of the simulated solar irradiance. This complex task provides a better insight among the coupling of various physics options and enables us to find the best fit with the measured data for a specified site and time period. The present preliminary analysis shows that the accuracy of the computed global solar irradiance can be improved by choosing the appropriate built-in physics models. A combination of physics models providing the best results has been identified.
Introduction
Solar energy has a specific common characteristic: a high variability in space and time. It is highly dependent on the cloud structure, day/night cycles, the humidity and the aerosol load of the atmosphere. Due to intermittent weather patterns, solar energy power plants cannot guarantee the amount of energy which is requested by the electrical grid operators in order to respond at any time to the end users demands. Therefore, secondary energy sources have to be considered locally or on a regional scale. Additionally, weather has a major impact on the electricity transmission and distribution grids, from the risk of outages and transmission capacity on one side and to the end users highly variable and weather dependant demands on the other side.
An increased production of solar energy will lead to a higher number of dispersed production sites with a highly variable weather dependant energy production which is fed into the medium and lower voltage grids. In such systems, production forecasts for the next minutes up to several days ahead are of high importance as they enable the utilities and the grid operators to adapt the load schedule, hence to contribute to an optimized production and distribution of solar energy and make the PV stations more competitive against classical production sources. In this sense, accurate forecasts of solar energy production as well as an optimized implementation of these forecasts for load schedules are of utmost importance.
The objective of the present paper is the assessment of the quality and performance of global solar irradiance forecasting. The paper presents a comparative analysis between the surface global irradiance measured for Romania and the predicted irradiance obtained by numerical simulation. The measured data comes from the Romanian National Meteorological Administration.
Solar radiation forecasting
The basic idea of numerical weather prediction is to sample the state of the atmosphere at a given time and use the equations of fluid dynamics and thermodynamics to estimate the state of the fluid at some time in the future. Models are initialized using these observed data. The irregularly spaced observations are processed by data assimilation and objective analysis methods, which perform quality control and obtain values at locations usable by mathematical algorithms of the model (usually on an evenly spaced grid)..
Our primarily research interest lies within the first three meteorological forecasting ranges: nowcasting, that is a 0-3 hours description of forecasted weather parameters; very short-range weather prediction (up to 12 hours prediction); Short-range weather forecasting (beyond 12 hours and up to 72 hours description of weather parameters); Medium-range weather forecasting (beyond 72 hours and up to 240 hours description of weather parameters).
Different approaches to forecast irradiance can be taken depending on the target forecasting time. For very short time forecasts (up to 3 h, now-casting), approaches based on extrapolating the solar radiation field from cloud motion have been proposed [1] . In addition, statistical techniques have been proposed for forecasting solar irradiance with up to 24 h [2] . However, Numerical Weather Prediction (NWP) models are the basis of solar yield forecasts with up 48 h time horizon [3] , the time range useful for grid integration and decision making in the energy market.
The earliest evaluation studies on the MM5 mesoscale model [4] reliability for estimating global horizontal irradiance (GHI; units:W/m 2 ) were carried out by Zamora et al. in some locations in USA ( [5] , [6] ). Heinemann et al. [1] evaluated the MM5 model GHI forecasts in Germany for lead time up to 48 h. Lorenz et al. [7] evaluated several NWP-based hourly GHI forecasts in Europe. The same author evaluated GHI forecasts, based on the European Centre for MediumRange Weather Forecast (ECMWF) NWP model, for power prediction of PV systems in Germany [8] . They reported relative root mean square error (RMSE) values of about 35% for single stations for a 24 h horizon forecasts. Remund et al. [9] evaluated different NWP-based GHI forecasts in the USA, reporting relative RMSE values ranging from 20% to 40% for a 24 h forecast horizon. Similar results were reported by Perez et al. [10] , evaluating NWP-based irradiance forecasts in several places in the USA. The Weather Research and Forecasting (WRF) model has a wide range of physical parameterizations, which allow setting the model to better describe the physical processes based on model domain, resolution, location and application [11] .
WRF presentation
The weather forecast model used in this work for solar radiation forecasting is strongly dependent on the characteristic space scale. The meteorology scale encompasses domains ranging from the synoptic, planetary scale, regional or mesoscale domains covering from 5km to a few hundred kilometers and below 1 km, the meteorology microscale. The most popular synoptic models are GFS, ECMWF, GME, UKMO while HRM, Hirlam, Lokal Model, WRF-NMM, WRF-ARW, Unified Model, MM5 are mesoscale models [12] . Usually, the global models provide the initial and boundary conditions needed to start the regional models but they can also be used directly in the local analysis.
The WRF model [13] is focused on the deterministic estimation of the state of the atmosphere at a future moment in time given the initial state of the system. In order to proceed with this analysis (specifically the radiometric parameters), initial and boundary conditions (mainly lateral conditions) are needed to be generated in the module REAL ( Fig. 1 ) from the raw data provided by the preprocessing module WPS, whose main task is the horizontal interpolation of geographical and meteorological fields extracted from available previous forecast (usually a global forecast). The REAL module performs additional tasks like: defining a vertical coordinate, vertical interpolation, computing a base state/reference profile for the geopotential and column pressure as well as the perturbations from the base state of the previous quantities, etc. The infrastructure of the WRF system is depicted in Fig. 2 CAM, RRTMG, New Goddard, Held-Suarez, GFDL and 6 shortwave models: Dudhia [15] , Goddard [16] , CAM [17] , RRTMG [18] , New Goddard [19] and GFDL [20] .  Turbulence/diffusion: Sub-grid eddy effects on all fields including computation of advection coefficients. There are four options for computing K and two options for horizontal diffusion.
An illustrative block diagram of the interactions among various physics modules is represented in Fig. 3 . The popularity of the WRF model has significantly increased even in Europe in the last years. Recently, studies from Spanish meteorological agency have shown that WRF model can be fully integrated as a member of the ensemble forecasting systems [12] . One month simulations of the various physics options of WRF-NMM model using global data from GFS and ECMWF models have shown a relative superiority compared to the results obtained from the Unified Model from UK Meteorological Office and GME from Deutsche Wetterdienst [12] .
Radiation model
The radiation schemes provide atmospheric heating due to radiative flux divergence and surface downward longwave and shortwave radiation for the ground heat budget. All the radiation schemes in WRF are currently column (one-dimensional) schemes, so each column is treated independently, and the fluxes correspond to those in infinite horizontally uniform planes, which is a good approximation if the vertical thickness of the model layers is much less than the horizontal grid length. The radiation model is closely related with several microphysics options.
Clear-air scattering, water vapour absorption and cloud albedo as well as absorption are usually determined from look-up tables for clouds from Stephens [22] . The downward component of shortwave flux is evaluated taking into account: 1) the effects of solar zenith angle, which influences the downward component and the path length; 2) clouds, which have their own albedo and absorption; 3) and clear air, where there is scattering and water-vapour absorption. Thus, the downward shortwave flux, (units:
where  is the cosine of the zenith angle, S0 is the solar constant (units: W/m 2 ), z is the current level (units: meters above sea level (m asl)) and top the last level of the model. Subscripts "cs" and "ca" refer to cloud absorption and cloud scattering while "a" and "s" to absorption transmissivity and scattering transmissivity. Cloud fraction in a grid box varies between 0 and 1. WRF schemes use maximum-random overlap policy for multiple layers with varying cloud fraction. The cloud fraction is maximum (1) (where w is the vertically integrated cloud water path) derived from Stephens's theoretical results [18] . The total effect of a cloud or multiple layers of cloud above a height z is found from the above function as a percentage of the downward solar flux absorbed or reflected. Then at a height z z   , a new total percentage is calculated from the table, allowing the effect of the layer z  to be estimated. However, this
percentage is only applied to S S   0  (clear air); that is, the clear-air effect above z is removed. Clear-air water vapour absorption is calculated as a function of water vapour path allowing for solar zenith angle. The absorption function is taken from Lacis and Hansen [20] . The method is a similar integration-difference scheme to that described above for cloud. Clear-air scattering is taken to be uniform and proportional to the atmosphere mass path length, again allowing for the zenith angle, with a constant giving 20 percent scattering in one atmosphere [4] .
Results and discussion
The radiometric measurement data sets were obtained from the following Romanian meteorological stations (see Table 1 ) supplied with Kipp & Zonen CM6B radiometers [23] . The measurement uncertainty is ± 5%. The temperature dependence of sensitivity is ±2% on the interval -20 to +40 ºC. On a monthly basis the bias for CM6B ranges between -2% and +0.9%. The radiometers are checked twice per week and cleaned when necessary. Measurements are performed as follows. Solar irradiance (units: W/m 2 ) is measured at 1-minute intervals. The series of irradiance values are averaged over 10 minutes, 60 minutes and 1440 minutes, respectively. Irradiation values (units: J) for 10 minutes, one hour and 24 hours are obtained by multiplying the appropriate average irradiance values by the appropriate time duration. Considering the possibilities of interconnecting various physics options one can immediately come across over 30000 different combinations (not counting various sub-options) of switches that might be used as input into WRF code. Of course, a complete parametric analysis should take into account all these options, but it would mean a daunting task that no one could expect to fulfill in a reasonable time horizon. For preliminary testing purposes and based on a prior educated guess, we have reduced the huge number to only 30 different cases to undertake for our analysis. From the numerical point of view we have chosen to use the 3rd order Runge-Kutta procedure for time integration, to use positive horizontal advection option for scalar variables, as well as moisture and turbulent kinetic energy. We employed the full diffusion schemes that use full metric terms for gradients in sloped coordinates and the 6th order horizontal hyper diffusion on all variables to act as a selective short-wave numerical filter. The vertical diffusion was selected to act on full fields not only on the perturbation resulted from the 1D base profile.
Lateral boundary conditions were considered as specified (imposed by REAL module). Due to a relatively coarse grid we used (10 km x 10 km), we chose to employ a PBL scheme in connection with a 2D Smagorinsky model that computes the horizontal diffusion coefficient from the horizontal deformation while the vertical diffusion coefficient results from PBL. The rest of the choices are presented in Table 2 . The results show the existance of potential cases to be considered in assessing the best combination of switches that produce the smallest r-RMSE value for the ensamble of 47x5=230 cases. At the same time and quite unexpectedly, there is a number of combinations that fail either to produce any results or to complete the full 72 hours forecast. More intriguing is that, although cases 11-20 (except case 17) worked well for the first forecast period (06/01/2010-06/03/2010), when the point cloudiness substantially decreases during the second forecast period (06/11/2010-06/13/2010) the same cases fail to make even a time step. In this situation code hangs on and must be aborted. The most important cases that emerged from our analysis are presented in Table 3 . Based on the above data, we can build up an objective function associated with case i  whose maximum is sought for. We consider the following weights i w for each place: 1 for first place, 0.8 for the second, 0.6 for third and 0.4 for the last place each case has achieved. The value of each objective function is contained in Table 4 . We found out that combination 2 had the best performance for both forecasting sessions. Anyway, what is important to recognize is that all best cases are related to GFDL shortwave radiation model.
Conclusions
Our preliminary model analysis of WRF performance shows that the accuracy of the computed global solar irradiance can be improved by choosing the appropriate physics models. Table 4 shows that combination 2 provides the best results. In order to draw a definite conclusion more work has to be done to extend our analysis by considering a larger collection of physics models.
